While the behavior of the dominant component of the dark matter is reasonably well established by cosmological observables, its particle nature and interactions with the rest of the matter are not known. We consider three dark matter models that admit electromagnetic interaction between baryons and dark matter: (a) milli-charged particle (CCDM) of charge q ccdm and mass m ccdm , (b) a neutral atom of two charged particles of mass m dd (DD), and (c) a neutral atom of doubly charged particle and helium nucleus (HeD). We derive and discuss in detail the formation, stability, and interaction of these atoms with baryons. These new interactions are incorporated into the publicly-available code CLASS to obtain the matter power spectra and CMB anisotropies. We carry out MCMC analysis to constrain the fraction of interacting dark matter allowed by Planck data. For the range of allowed parameters, all the cold dark matter could be the form of HeD atoms or DD atoms if m dd 25 GeV. The MCMC analysis suggests that the current data prefers, at 1σ level, a fraction of nearly 5% of either CCDM or DD dark matter for the following parameters: q ccdm = 10 −6 e, m ccdm = 50 MeV or m dd = 10 GeV.
Introduction
The nature of dark matter remains a mystery even though the existence of this component has been well established by many observations covering a wide range of mass scales-from dwarf galaxies to clusters of galaxies-and different epochs of the universe through cosmological probes. This list includes cosmic microwave background (CMB) anisotropy experiments [2, 39, 57] , large scale structure surveys [16, 59, 60] , the study of the galaxy rotation curves [14] , cosmological weak gravitational lensing observations [12, 24] , etc.
The Weakly Interacting Massive Particle (WIMP) is normally considered the leading candidate for the cold dark matter (CDM) in the universe. Its popularity is partly inspired by the well-known WIMP miracle [25] . The supersymmetric extension of the standard model of particle physics allows for a stable particle in the mass range 10-1000 GeV with selfannihilation cross-section σv 10 −26 cm 3 s −1 ; these parameters predict the abundance of cold dark matter in the observed range. This theoretical insight has inspired many direct, indirect and collider searches of the WIMP [1, 4-6, 8, 10, 13, 36, 38] . Even though these searches have not yet succeeded, the sensitivity of the direct detection experiments, LUX and XENON, has improved considerably in the recent years [7, 9] .
The cold dark matter paradigm based on WIMP has long-standing astrophysical issues: core-cusp problem [27, 52, 63] , missing satellites of the Milky way [43, 49] , "too big to fail" issue [20, 37] . All these issues probably indicate a need to go beyond the WIMP model and to consider alternative candidates, which differ from the model on galactic scales but must reproduce its success on cosmological scales.
The focus of this paper is to study cosmological implications of dark matter particles with electromagnetic interactions. Such models were proposed before precision cosmological data became available [28, 29] . In such models, charged particles that survive annihilation in the early universe could form atoms with protons and helium nuclei and provide the observed mass density of cold dark matter in the universe. Many such models were ruled out and revised as better astrophysical and cosmological data became available (e.g. [18, 22, 23, 26, 34, 44, 64] ). The current cosmological data clearly rules out a dark matter particle with electronic charge unless it is very heavy. One possible extension of this idea was a neutral atom formed with the proton and a negatively charged dark matter particle (e.g. [28] ). Such an atom is not stable to charge-exchange reaction and therefore does not remain neutral as the universe evolves (for details of charge exchange reactions see e.g. [32] ).
We consider three models for our study. The first model posits the presence of a millicharged dark matter particle (CCDM model, e.g. [23, 33, 45] ). The model-parameterized by the magnitude of milli-charge and the mass of the dark matter particle-has been extensively studied against cosmological data (e.g. [45] ). The second model assumes the presence of two dark matter particles of positive and negative electronic charge which recombine to form a neutral atom (DD model). The stability of this atom to charge exchange reaction constrain the masses of charged particles. The third model, which is a natural extension of the protondark matter atom, is based on a doubly charged dark matter particle (HeD model, see [42] for theoretical motivation for such a scenario) which recombines with a helium nucleus to form a neutral atom. The mass of this particle must be much larger than the helium nucleus to ensure, (a) only a small fraction of helium nuclei recombine with the dark matter particle to satisfy nucleosynthesis bounds, and (b) the atom is stable to charge-exchange reactions. We discuss in the detail the recombination, ionization, and charge-exchange stability of such atoms, in addition to computing the scattering of such atoms off baryons.
One of the motivation of studying such models is that these models might allow, for some parameter range, smaller matter power at small scales as compared to the WIMP model. So some of these models can be viewed as complementary to other existing models to explain the missing small scale power (e.g. warm dark matter (WDM) model, [31, 62] and other models such as LFDM, CHDM, or ULA; for details see e.g. [40, 56, 58] ) The milli-charged dark matter model has recently been invoked to explain the EDGES results [11, 19, 35, 45] .
In the next section, we discuss the evolution of coupled baryon-dark matter system in linear perturbation theory relevant for the early universe. In section 3, we study the impact of the new interaction on the cosmological observables such as the matter power spectrum and also provide a detailed analysis using MCMC analysis which gauges the viability of the new models against the current CMB Planck data [53] . In section 4 we summarize and discuss our results. The details of the interaction between different dark matter candidates and baryons are given in Appendix A. In Appendix B, we discuss the tight-coupling limit in the presence of the new interaction and the impact of the interaction on cosmological observables.
For computing the matter power spectra for the proposed models, we assume a spatially flat universe with its best-fit cosmological parameters estimated by Planck [53] : Ω b = 0.049, Ω dm = 0.254 (this corresponds to the total cold dark matter content of the universe in our case as we consider models where there are two components of the dark matter), and h = 0.67.
Evolution of coupled dark matter-baryon density and velocity perturbations
The interaction of all the proposed dark matter candidates occurs via momentum transfer with baryons. The dark matter-photon coupling is sub-dominant to the electron-photon coupling in all the cases we consider and therefore we neglect it. The main impact of the additional interaction is to alter the evolution of density (δ) and velocity perturbations (θ) of the coupled photon-baryons fluid along with the interacting component of the dark matter. The relevant equations in the Newtonian/Conformal gauge are (for details see e.g. [48] ):
Here the dot corresponds to the derivative with respect to the conformal time, dη = dt/a. τ eγ = 1/(n e σ T c) determines the interaction time scale between baryons and photons while R = 4ρ γ /(3ρ b ) denotes the relative inertia of baryons and photons in the scattering process and this factor ensures: (a) the entire baryonic fluid shares the momentum exchange between photons and electrons and (b) this scattering process is momentum conserving. τ bd and τ db are the interaction time scales between baryons and dark matter. Here it is again implicitly assumed the momentum exchange between the two particles is shared by the entire baryonic fluid.
These time scales are derived and discussed in section 5.3. As shown in section 5.3,
Here the mass density of interacting component of dark matter, ρ dm = m dm n dm , with m dm and n dm being the mass and the number density interacting dark matter particles, respectively. In our study we assume all the species to be at the same temperature (see later sections for details). ψ and φ are cosmological potentials in the Newtonian/conformal gauge, σ γ is the second moment of the photon distribution, and all the other variables have their usual definitions (for details see [48] ). The rest of the equations of the coupled multicomponent fluid along with Einstein's equations remain the same. We solve these equations by modifying the publicly-available code CLASS [17] .
The main impact of the models considered here is captured by the last terms in Eqs. (2.2) and (2.4). To solve these equations along with Eq. (2.6), we use the tight coupling approximation whenever the relevant time scales are much shorter than the expansion time scale; the details of this approximation are given in Appendix B. When the time scales of interaction between baryons and dark matter exceed the expansion time scale, Eq. (2.2) can be integrated directly and Eq. (2.4) can be merged with Eq. (2.6) in the usual tight-coupling expansion in τ eγ .
The physics of interaction between different dark matter particles and baryons is discussed in detail in Appendix A. In the next section we study the impact of this additional interaction on the matter power spectrum.
Matter power spectrum
Here we discuss the cosmological consequences of the new electromagnetic interaction between baryons and dark matter. The details of how the new interaction impacts matter power spectrum and CMB anisotropies are given in Appendix B.
It follows from Eqs. (2.2) and (2.4) that all the models tend towards the standard ΛCDM case when interaction rates fall below the expansion rates at redshifts of interest: τ ij H −1 (z). The redshifts of interest can be determined from the following argument. When a scale is outside the horizon, kη < 1, both the baryonic and dark matter perturbations evolve in the same way (for details e.g. [48] ). If the baryons and dark matter are coupled during this phase but get decoupled before the scale enters the horizon, the impact of the additional coupling is negligible at that scale, i.e. large scales k < 0.02 Mpc −1 that enter the horizon after the epoch of recombination fall in this category. CMB anisotropies and galaxy clustering data are sensitive to scales k < 0.2 Mpc −1 . If these scales enter the horizon when the baryon-dark matter coupling is strong then we expect observable signatures on the CMBR anisotropies and the matter power spectrum. The redshifts of interest from the point of view of observable signatures are 10 3 < z < 10 5 , which corresponds to the time between the epoch of recombination and roughly the epoch at which the mode k 0.3 Mpc −1 enters the horizon.
CCDM model: Eqs. (5.1) and (5.16) show that the CCDM particles and baryons get coupled at late times. To have a significant impact on cosmological observables this coupling must be strong before the recombination era, which occurs when either of the two time scales, τ db and τ bd , become comparable to the expansion time scale. In the two panels of Figure 1 , we show the matter power spectra of the CCDM model and display the time evolution of density perturbations of the interacting component of the dark matter, δ CCDM , for a few Fourier modes to glean the important features introduced by CCDM models.
It follows from the discussion in Appendix B that the fraction of dark matter in the form of CCDM, f CCDM 1, if the baryons and CCDM particles are tightly coupled at z 1000. In Figure 1 , we show a few cases where the coupling is not strong enough to cause coupled oscillation of the baryon-photon-dark matter fluid but strong enough to significantly alter the matter power spectrum.
As argued in Appendix B, we expect the matter power to diminish in the presence of CCDM as the baryon-dark matter coupling prevents the growth of CDM perturbations. As the coupling becomes stronger with time, all the scales that enter the horizon before the recombination era are affected in this case. We notice these features in Figure 1 . The main impact on CMB anisotropies in this case occurs owing to the change the sound velocity of the coupled baryon-photon fluid at z 1000, as discussed in Appendix B.
DD atom: The physics of the formation of this atom and its interaction with baryons are discussed in detail in Appendix A. Eq. (5.17) shows that this atom is coupled to baryons at early times and the coupling becomes weaker with time. The scattering cross section of DD atoms off baryons scales as 1/m 3 dd (Eq. (5.12)) and therefore the redshift at which the decoupling occurs is a very sensitive function of the dark matter mass. In Figure 2 we show the matter power spectrum for several models in which the DD atom could constitute either a part or all of the cold dark matter. In the right panel of Figure 2 , we also show the time evolution of δ DD , the density contrast of the interacting component of the dark matter.
The scales that are most affected by dark matter-baryon interaction are those that are inside the horizon when this coupling is still strong. For instance, if the decoupling occurs at z 10 5 , perturbations at scales k > 0.3Mpc −1 are affected by this coupling.
From the discussion in Appendix B, we can assess the impact of this additional coupling on the evolution of different components in the tight-coupling approximation. The DD case allows for all the cold dark matter to be in the form of interacting dark matter or R = ρ dd /ρ b 5.5. For R R and R 1, the coupled baryon-photon fluid is negligibly affected by this new coupling but perturbations of the interacting component of the dark matter are driven by the oscillations of the baryon-photon fluid. When R 1, the baryon-photon perturbations are also significantly affected by this coupling. If the coupling is strong, the three fluids oscillate together with a common sound velocity, c s (R/(3(1 + R + R )), which differs markedly from the sound velocity of the baryon-photon fluid.
This discussion allows us to understand the features seen in Figure 2 : (a) the matter power spectrum approaches the ΛCDM models as m dd is increased and the f DD is lowered, (b) the interacting part of the dark matter behave as the baryon-photon fluid for scales that enter the horizon when the coupling is strong. This explains the oscillations seen in the matter power spectrum for the model: m dd = 10 Gev and f DD = 1. This behaviour is also evident in the time evolution of density perturbations (right panel), e.g. for k = 1 Mpc −1 . For the models displayed in Figure 2 , the decoupling occurs for z > 10 5 .
HeD atom: Like the DD case, the coupling between baryons and HeD atoms is stronger at high redshifts (Eq. (5.18)). Therefore, the physics of this model is similar to the DD case with a few notable differences. Unlike the DD case, the dark matter-baryon scattering cross section does not depend on the mass of the dark matter particle (Eq. (5.12)). The only condition to ensure the formation and stability of this atom is that the dark matter particle be much heavier than the helium nucleus (for detailed discussion see Appendix A). Therefore, unlike CCDM and DD models, it is harder to tune the parameters of this model to seek agreement with observations and this model is a more robust representative of a paradigm that admits electromagnetic interaction between dark matter and baryons.
An additional requirement in this model is that only a small fraction of 4 He be captured by dark matter particles to form HeD atoms. From the current astronomical and CMB data the primordial abundance of 4 He could be constrained to better than one percent (e.g. [41, 53] and references therein 1 ). Therefore, we consider models in which only 1% of helium nuclei form atoms with dark matter. This gives us: n hed 0.0008n b and m dm m p f HeD ρ dm n b /(ρ b n hed ), where f HeD is the fraction of dark matter in the form of HeD atoms. Using the Planck best-fit values of ρ dm and ρ b , we get, m hed 7000f HeD m p . Owing to the large mass of the particle that recombines with helium nucleus to form the HeD atom, the interaction rate between baryons and HeD atoms is much smaller (Eq. (5.15)). For all the models we consider for different values of f HeD , the matter power spectrum is an excellent agreement with the ΛCDM model for k ≤ 1 Mpc −1 . In Figure 3 we show the matter power spectra and the time evolution of two Fourier modes for a few cases.
MCMC analysis
For a more quantitative comparison between the models and the data, we compare our results with the current CMB Planck data [53] . In Appendix B, we discuss the impact of baryon-dark matter interaction on CMB anisotropies. CMB data is sensitive to k < 0.2 Mpc −1 [3]. The models were analysed using the MCMC code MontePython [21] .
Parameterization of models: (a) CCDM: The three free parameters of this model are: the charge of the dark matter particle, q ccdm , the mass of the dark matter particle, m ccdm , and the fraction of charged CDM, f ccdm . As discussed in Appendix B, if CCDM-baryon coupling becomes strong before the epoch of recombination, f ccdm 1.
Here we explore models for which the coupling is not strong enough to cause coupled CCDM-baryon oscillations. It is important to underline, as discussed in Appendix B, that CMB anisotropies are extremely sensitive to behaviour of matter perturbations close to the epoch of recombination, (b) DD: In this case, there are two free parameters, the mass of the dark matter particle, m dd , and the fraction of DD atoms, f dd . This model approaches the ΛCDM model when m dd → ∞ and/or f dd → 0. For MCMC analysis, we fix the value of m dd = 10 GeV, which is close to the minimum mass allowed by charge-exchange stability (c) we do not carry out an MCMC analysis for the HeD case because, as noted above, all the models that are allowed by other astrophysical data are in excellent agreement with the ΛCDM model for k < 1 Mpc −1 and therefore are not sensitive to CMB data.
In Figures 4 and 5, we show the contour plots and one-dimensional posterior probabilities of cosmological parameters. The estimated best-fit parameters and their 2-σ errors are listed in Tables 1 and 2. Our results for the CCDM model are in general agreement with other cosmological analyses of the model (e.g. [45] ).
Our analysis shows that the current Planck data is consistent with no electromagneticallyinteracting component of dark matter. The most interesting outcome of the statistical analysis is the 1σ detection of non-zero components of both CCDM and DD forms of dark matter (Figures 4 and 5 
Conclusion and future prospects
We have studied cosmological implications of three models of cold dark matter in which the dark matter interacts electromagnetically. One of the models (CCDM) involves coulomb interaction between charged particles and the dark matter. In this case, the interaction crosssection falls as 1/v 4 which causes stronger interaction at later times and therefore it impacts large scales which enter the horizon later.
The other two models we study correspond to neutral atoms formed by the recombination of either two heavy singly charged particles (DD) or the recombination of a heavy doubly-charged particle with Helium nucleus (HeD). For the parameters of interest, the crosssection of interaction of these atoms with baryons is independent of velocity, which means the interaction is stronger at early times and the matter power spectrum at small scales is affected.
The DD and HeD models are qualitatively different from each other because the interaction cross-section strongly depends on the mass of the dark matter particle in the DD case while it is independent of the dark matter mass for the HeD atom. The HeD model is the most natural extension of the dark matter paradigm that admits a stable, electromagneticallyinteracting dark matter particle. The inference follows as the data rules out the other two compelling choices: stable dark matter particle of electronic charge or a neutral atom formed by the recombination of a proton and a dark matter particle. Our analysis shows that, for the range of other parameters allowed by astrophysical data, the HeD atom can constitute all the cold dark matter.
In the recent past, dark matter models with electromagnetic interactions have been invoked to explain the EDGES result [11, 19, 35, 45] . The EDGES result requires the baryons to be cooler at z 20 as compared to the usual model. One plausible explanation of this result is coloumbic interactions between milli-charged dark matter and baryons. It is of interest to investigate the cosmological implications of the other two models we study in the post-recombination universe. We note that models of atomic dark matter cannot explain the EDGES result as, unlike the CCDM model, their interaction with baryons are significant only in the early universe.
In this paper, we compare our theoretical predictions with Planck CMB data which is sensitive to Fourier modes, k < 0.2 Mpc −1 (e.g. [2, 53] ). The DD model ( Figure 2 ) also allows for significant difference in the matter power at smaller scales that cannot be probed by CMB data. The matter power at these scales can be constrained by cosmological weak lensing and the clustering of Lyman-α clouds (e.g. [55] ). We hope to return to this comparison in the future.
If the dark matter particle interacts electromagnetically, it might be easier to detect it directly and it might have a bearing on the formation of stars and galaxies (see e.g. [26, 28, 29, 35] ). The constraints on the CCDM model from such considerations have been discussed extensively (e.g. [35] ), we briefly discuss here the impact of atomic dark matter on the formation of galaxies. The observed spiral galaxies display baryonic component in a disk surrounded by a halo whose mass is dominated by dark matter. The separation of baryons from dark matter occurs because baryons can cool and therefore fall towards the center of the potential well of a virialized halo while the dark matter dominates the halo mass. The main cooling mechanisms for haloes (of primordial chemical composition) in the temperature range of 10 4 -10 6 K are line de-excitation of neutral hydrogen, line de-excitation of singly-ionized helium, and free-free emission (see e.g. [32] ). For a dark matter interacting electromagnetically with baryons, we might expect dark matter to also cool and fall to the center of potential wells, which would be in contradiction with the observables of galaxies. Therefore, it is important to show that the dark matter atoms, and in particular the HeD and DD atoms which could constitute all the cold dark matter, do not behave as baryons for the energy scales and densities of interest in a galaxy (T 10 5 K and n b 0.01 cm −3 ). First, these atoms cannot cool owing to any of the mechanisms discussed above because their energy scales (binding energy and atomic levels) are too large to be affected by collisions with baryons which could cause line de-excitation or ionization. Second, the time scale of collisions of HeD or DD atoms with baryons is generally larger than the age of the universe (Eqs. (5.12) and (5.15)). This implies that HeD and DD atoms behave like a non-interacting dark matter particle for typical energy scales and densities expected in a galaxy. It is possible that these particles could interact with baryons and photons in denser parts of the galaxies 2 or where the energy scales are larger (e.g. supernova remnants).
The aim of this paper is to investigate the cosmological implications of a dark matter particle with electromagnetic interactions. It is possible the parameter space we studied could be further constrained from other astrophysical and experimental constraints. We leave such an investigation to a future work.
Appendix A: Dark matter models with electromagnetic interaction
In this appendix we discuss in detail the interaction between baryons and dark matter models we study.
Milli-Charged Dark Matter
The milli-Charged dark matter can interact with charged baryons via coulomb interaction. Assuming baryons and dark matter particles to be at different temperatures and averaging over the thermal distribution, we get the interaction rate to be (e.g. [45] ):
Here m and T stand for the mass and temperature of either electron, proton, or helium nucleus while m ccdm , T ccdm , and q ccdm denote the mass, temperature, and charge, respectively, of the milli-charged dark matter particle. µ is the reduced mass of m and m ccdm and Λ is the usual coulomb logarithm. If f ccdm is the fraction of cold dark matter in the form of milli-charged particles, the mass density and the number density of CCDM dark matter are: ρ ccdm = f ccdm Ω dm ρ c and n ccdm = f ccdm Ω dm ρ c /m ccdm . In the expression above we have assumed the dark matter to be the target. For the reverse reaction, the time scale: τ db = τ bd ρ ccdm /ρ b , as discussed in section 5.3. In deriving Eq. (5.1), we have neglected the bulk peculiar velocity and, as already noted above, the dark Matter particles obey Maxwell-Boltzmann distribution. Eq. (5.1) shows that the electron-DM interaction is the dominant scattering process. As the time scale of equilibriation between electron, proton, and Helium nuclei is much shorter than the expansion rate, they share a common temperature. For the purposes of computing CMB anisotropies, this means that when electron-DM interaction time scale is shorter than the expansion time, the dark matter particles can be assumed to be coupled to the entire baryonic fluid.
Eq. (5.1) shows that the interaction rate (the inverse of interaction time) falls as a −3/2 while the expansion rate, H, drops as a −2 in the radiation-dominated era. Therefore, the coulomb interaction becomes more important at later times; the ratio of the interaction and expansion rate is given in Eq. (5.16). At high redshifts, the DM and baryons are decoupled, which means that their initial temperatures could be different. However, in this work, we assume these temperatures to be the same.
Neutral atoms with charged dark matter
It is well known that a free dark matter particle of electronic charge is incompatible with CMB and large scale clustering data because its strong interaction with baryons results in a coupled baryon-photon-dark matter fluid 3 . One possible way to reduce interaction between dark matter and baryons is to consider cases in which dark matter particles form atoms with either another dark matter particle or with baryonic particles (protons or Helium nuclei 4 ).
An important consideration in such cases is that the neutral atom be stable to chargeexchange reactions (to be discussed in more detail below). For instance, the dark matter carrying electronic charge can form a neutral atom with protons. However, such an atom is unstable to charge-exchange reaction in which the proton is replaced by the helium nucleus in the atom, yielding an atom with a net charge.
This motivates us to consider two cases: (a) a neutral atom formed with a doubly-charged DM particle of mass m hed with Helium nucleus such that m hed > m he 5 and (b) an atom formed with two singly charged DM particles of masses m 1 and m 2 such that m 1 , m 2 m he or both the particles are much heavier than the helium nucleus. The two masses m 1 , m 2 are otherwise unconstrained and we consider the case when m 1 = m 2 ; we denote this common mass as m dd .
Formation of HeD and DD atoms
The three most important physical processes for the formation and destruction of these atoms are: (a) photoionization, (b) recombination, and (c) charge exchange.
The cross section of charge-exchange reaction is on the same order of magnitude as the elastic scattering cross section between the charged particle and the neutral atom, discussed in the next subsection, if the reaction is exothermic or the resultant atom is more stable (e.g. [32] ).
Protons and Helium nuclei can form atoms with negatively-charged dark matter particles. If dark matter is singly charged then protons can form neutral atoms with dark matter but charge-exchange reaction replaces proton with helium nucleus. This reaction is energetically favored as it results in a more stable atom. Using the analysis of the next section it can be shown that the rate of this reaction exceeds the expansion rate for z > 10 5 therefore it is not possible to sustain a neutral dark matter atom with a single proton. This is our primary motivation for considering a doubly charged dark matter particle.
Two dark matter particles carrying electronic charge can form a stable neutral atom only if the two equal mass particles are much heavier than the helium nucleus (to be discussed later). If these particles are lighter than the Helium nucleus, charge-exchange reaction would replace one of the particles with helium nucleus.
If the dark matter is doubly charged, it could form two different neutral atoms: ppD or HeD. The charge-exchange reaction would turn the first atom into a more stable, pHeD, and therefore it would not remain neutral. The only stable neutral atom is HeD. Therefore, if the dark matter atom is to remain neutral during the pre-recombination phase, it is imperative that a large fraction of the dark matter particles are captured to form HeD before ppD could form during the evolution of the universe.
We compute the rate of formation of hydrogenic atoms pD and HeD to address this issue. All quantities are scaled with respect to corresponding cross sections for the hydrogen atom.
Binding energy: For m dm m He , the binding energies of the pD and HeD atoms are Z 2 (m p /m e ) Ry and Z 4 (m He 4 /m e ) Ry, respectively. For the DD atom, the binding energy is (m dd /2m e ) Ry. Here 1Ry = 13.6 eV is the binding energy of the hydrogen atom.
Ionization cross section: The ionization cross section of different atoms can be computed from appropriate scaling of the cross section for hydrogen atom. We compute these cross sections at the ionization threshold of each species, where it is the maximum, and express them in terms of hydrogen ionization cross section. The ionization cross sections are 6 : Here Z = 2 and σ ion H = 6.3 × 10 −18 cm 2 is the cross section of hydrogen at ionization threshold ν = 13.6 eV.
Recombination cross section: Using Milne relation (e.g see [54] for details), the recombination cross sections can be computed from ionization cross sections. This gives:
Here χ H = 13.6 eV is the binding energy of hydrogen atom and v is the relative velocity of the two recombining particles. We have assumed that this velocity is much smaller than the binding energy of respective atoms. A quantity of interest is the recombination coefficient, α(T ) = vσ(v) , where the average is over thermal distribution of particles; all the species are in thermal equilibrium owing to the initial condition at temperature T and therefore we could replace mv 2 2kT for each species. The evolution of the ionization state of each species is given by:
Here n i refers to the number density of either pD, HeD or DD atoms. n j corresponds to the number density of either protons or helium nuclei or, for the case of DD atom, the number density of dark matter particles. n dm is the number density of dark matter particles, which for the case of DD atom is the same as n j . ν i , σ i , and α i give ionization thresholds, ionization cross sections, and recombination coefficients for different atoms. At redshifts of interest, the main source of photoionization of these atoms is background blackbody radiation which gives the number density of ionizing photons per unit frequency,
is the blackbody specific intensity at temperature T . Eq. (5.8) can be solved numerically. We do not present numerical results here but outline the essential outcome of the solution of the equation. We first consider pD and HeD atoms. Our aim is two-fold: (a) to show that the recombination rates are large enough in comparison with expansion and ionization rates to allow the formation of these atoms, (b) the DM atoms preferably recombine with helium nuclei and not with protons. The rate of ionization at any redshift can be approximated as B ν i (T )σ i (ν i )/h, where ν i corresponds to ionization threshold. We first compare the ionization rates of the two atoms at z 2 × 10 8 . At this redshift, the ionization threshold of pD atom corresponds to the peak of the Planckian. At the redshift, the ionization rate of HeD is smaller than pD by more than 10 orders of magnitude. While the former rate is smaller than both the expansion rate and recombination rate, the latter is much larger than both. Therefore, at this redshift, the rates are favourable to the formation of HeD atom while pD cannot form. We check that the conditions are such that nearly all the DM particles recombine to form HeD around this redshift. As HeD atom is more stable, this atom cannot be further altered by charge-exchange processes.
As noted above the DD atom is stable only if its binding energy is much larger than other possible atoms that can form (pD and HeD). The ratio of binding energy of a singly charged DM particle forming an atom with helium nucleus to DD atom is Z 2 m He /m dd . This requires the DM particle to be at least four times heavier than the helium nucleus. We verify that if the ratio of binding energies is 10 then nearly all the dark matter particles recombine to form DD atom before the formation of HeD atom.
We note that the recombination process cannot result in the capture of all the dark matter particles into neutral atoms, as the recombination process becomes inefficient after a majority of dark matter particles have already recombined (the first term of Eq. (5.8)). Therefore, this process will always leave a tiny fraction of free charged dark matter particles. The exact fraction of this residual depends on the parameters of the models and the details of the recombination process. If ∆ρ dm ρ b , this will have negligible effect on cosmological observables such as CMB anisotropies. We neglect the impact of this residual charged component of dark matter in our study.
Charged particle scattering off neutral atoms: different approximations
We consider the scattering of charged particles with a neutral hydrogenic atom, of polarizability α 0 a 3 , in its ground state, where a is the Bohr radius of the ground state. For the two cases we consider, the Bohr radii are: a hed = 2 /(Z 2 e 2 m he )(Z = 2) and a dd = 2 2 /(e 2 m dd ).
(the Bohr radius for hydrogen atom: a h = 2 /(e 2 m e ))
We first consider this scattering in Born's approximation. This approximation is valid if the velocity of the charged particle is large as compared to the velocity of the lighter particle inside the atom, ka 1. As all the species are in thermal equilibrium with each other, the kinetic energy of all the particles is k B T , this gives k √ mk B T / For the two cases we consider:
Therefore, except at very high temperatures, Born's approximation in not applicable to our analysis.
Another approximation commonly used in proton scattering off neutral atoms in interstellar medium is the semi-classical approximation which treats proton trajectory as classical. In this case, the cross section of scattering is b 2 0 where b 0 (e 2 α 0 /m p v 2 ) 1/4 . As α 0 a 3 , b 0 a at small temperatures T < 10 4 K. This approximation breaks down for electron scattering off neutral atoms. As this case requires kb 0 1, we do not satisfy this condition except at very high temperature.
It is clear that many different approximations might be needed to study this scattering for a large range of temperatures. Generically, the neutral atom is coupled to charged particles at high redshifts and could decouple before recombination. One of our main aim is to determine the redshift of decoupling and there are interesting observational consequences when z < 10 6 . For the redshifts of interest, Eq. (5.10) shows that the suitable approximation is ka 1. This is the limit of low energy scattering which can be studied using partial wave analysis. In this limit, only the = 0 partial wave contributes significantly 7 and the cross section is independent of the energy and the scattering angle. For scattering of a proton/electron off a neutral atom in its ground state, the effective interaction potential U = e 2 α/r 4 . The s-wave cross section of momentum exchange of these atoms with electrons, in the center-of-mass frame, is (see e.g. section 132 of [46] ):
Here a hed = 2 /(Z 2 e 2 m he ) and a h = 2 /(e 2 m e ) (Z = 2) and a dd = 2 /(e 2 m dd ). For scattering of these atoms off protons, the mass of electron is replaced by the mass of proton in Eq. (5.12) and these cross sections are larger by a factor (m p /m e ) 8 . It should be noted that the cross sections are independent of the relative velocity. In the literature, atomic dark matter in the dark sector has been considered which might yield velocity-dependent cross section (e.g. [26] ).
The rate of momentum loss
For computing the time scales τ db and τ bd defined in section section 2, we need to compute the rate at which the momentum is lost in the lab frame. This rate is defined as (e.g. [47] ):
Here p is the momentum of the incident particle and v 1 its velocity in the lab frame. The target particle is assumed to be at rest in this frame so v 1 is the relative velocity between the two particles. dp/dl the loss of momentum of the incident particle per unit length. It can be shown that:
Here n 2 and m 2 are the number density and the mass of the target particle, respectively. χ is the angle of scattering and dσ/dΩ is the differential cross section of scattering in the center of mass frame. Integrating Eq. (5.14) over the solid angle and averaging over the distribution of v 1 we obtain the final expression of the rate of momentum loss. Similarly, we can obtain ν 2 , the rate of the inverse process. It should be noted that ν 1 /ν 2 = ρ 2 /ρ 1 , where ρ = nm is the mass density. Using Eqs. (2.4) and (2.2), it can readily be shown that the rate of momentum exchange between the two particles per unit volume-ρ cθc and ρ bθb -is the same for the forward and the inverse process, as required by the conservation of momentum. Eq. (5.14) allows us to compute the time scales τ bd and τ db which are inverse of the rate of momentum loss. Eq. (5.1) gives τ bd for coulomb interaction.
For the other two models we discuss, the cross section is independent of velocity and the angle of scattering (Eq. (5.12) ). For these cases, averaging over the thermal distribution of velocity, we get:
Here n dm and m dm correspond to number density and mass of either the DD or HeD atom. m is the mass of either electron, proton, or Helium nucleus and σ is the relevant cross section. m r is the reduced mass of the scattering particles. As discussed above, τ −1 bd = τ −1 db ρ dm /ρ b . We note that the scattering cross section might not correspond to a single process but could be an effective cross section as the dark matter particle (which refers to either CCDM particle or dark matter atom) interacts electromagnetically with free electrons, protons and helium nuclei. The cross section of interaction between the dark matter and these particles is not the same. The impact of all these interactions can be captured by defining an effective time of interaction, τ −1 db = i 1/τ di , where i runs over these species, because all these particles share the momentum exchange with the dark matter particle. This also allows us to compute an effective scattering cross section σ db in terms of the scattering cross sections with different charged particles. Similarly, σ bd can also be defined. In our case, the scattering is dominated by a single process for each case: CCDM-electron, DD-proton, and HeD-proton.
The dark matter and baryons get strongly coupled when their interaction time scales become comparable to the expansion rate. The ratio of the interaction rate and the expansion rate, H, is: Here we have used the expansion rate in the radiation-dominated era, H(z) ∝ (1 + z) 2 . For the CCDM model, the ratio of the interaction and expansion rate increases with time and is a constant in the matter dominated era. For the other two cases, the rate of interaction is greater than the expansion rate at early times.
Appendix B: Dynamics of baryon-photon-dark matter fluid: tight-coupling approximation
We draw upon Eqs. (2.2)-(2.6) in this section. We first briefly discuss the usual case in which there is no coupling between dark matter and baryons. In this case, the dynamics of the coupled baryon-photon fluid is determined by a two time scales τ eγ and τ eγ /R; R = 4ρ γ /(3ρ b ) 1 in the early universe as it scales as 1/a. Both these time scales are much shorter than the expansion time scale before the recombination sets in close to z 1100, which makes it difficult to numerically solve the coupled evolution of the baryon-photon fluid in the early universe. However, for the scales of interest, the photon-baryon fluid can be treated using tight-coupling approximation for z 1000. In this approximation, the two fluids oscillate with a common sound velocity: c s c R/(3(1 + R)). To take into account both the common oscillation of the fluid and Silk damping owing to the finite mean free path of the photon, one needs to solve the coupled photon-baryon equations up to second order in τ eγ . The exact equations can be numerically solved when τ eγ H −1 . This approach is adopted in all the CMB codes that numerically solve the coupled baryon-photon evolution (e.g. [48] ).
The interaction between baryons and dark matter introduces additional complications. For two of the models we consider, DD and HeD, the tight-coupling approximation also applies to the coupled baryon-dark matter system in the early universe. In the early universe, all the four time scales-τ eγ , τ eγ /R, τ db and τ bd -are shorter than the expansion time scales, and the baryon-photon-dark matter fluids can be treated as tightly coupled.
In this case, θ b − θ γ in Eq. (2.6) and θ b − θ c in Eq. (2.2) can be expanded in τ eγ and τ db , respectively, and substituted in Eq. (2.4). This gives us:
Here R = τ db /τ bd = ρ dm /ρ b . Eq. (6.1) is exact. To obtain the equation which is correct to first order in τ eγ and τ db , we put σ γ = 0 and θ b = θ γ = θ c . In the absence of dark matterbaryon couplingθ γ −θ b in Eq. (6.1) needs to be expanded to first order in τ eγ to correctly account for photon diffusion damping (Silk damping). We note that this also suffices in our case as the diffusion damping owing to baryon-dark matter coupling impacts much smaller scales 9 ; the evolution of θ γ can be obtained after eliminating θ γ − θ b in Eqs. R + R ) ). The DD and HeD models we consider in this paper correspond to cases in which the decoupling of dark matter and baryons occurs in the redshift range z > 10 4 -10 6 . If all the cold dark matter is in the form of these atoms, which is allowed (section 3), R = ρ c /ρ b 5.5. For comparison, R 100 at z 10 5 . This means R R for a majority of the cases we consider.
In the CCDM model, the baryon-dark matter coupling is weak at early times. This allows us to solve the dynamics of dark matter and baryons-photon fluid separately at early time. When this coupling becomes large (at z ≤ 5000 for the models we study), the system of equations can be solved in the tight-coupling approximation. For all the models that are compatible with cosmological observables, the fraction of CCDM dark matter, f ccdm , is a few percent. This implies R R for this case also. For R R and R 1, it follows from Eq. (6.1) that the dark matter-baryon coupling has negligible impact on the dynamics of the photon-baryons fluid while the dynamics of the interacting component of the dark matter is significantly affected by the coupling. For numerical stability, we switch from the tight-coupling approximation to the exact equations when the dominant interaction rate is 10 times the expansion rate.
Matter power spectrum and CMB anisotropies
The tight coupling approximation can be used to gauge the impact of the additional coupling on the matter power spectrum and CMB anisotropies.
In the usual ΛCDM case, perturbations (in the Newtonian gauge) in all the matter components are constant at superhorizon scales. At sub-horizon scales, the cold dark matter perturbations grow logarithmically in the radiation-dominated era and as η 2 in the matterdominated era. The photons and baryons are tightly coupled before recombination era and their coupled perturbations at sub-horizon scales oscillate with a constant amplitude (e.g. [30] ).
In the presence of additional dark matter-baryon coupling, a fraction (or all) of dark matter could behave as baryon-photon fluid. This means that the perturbations in this dark matter component cannot grow either logarithmically or as η 2 before the era of recombination. This causes a suppression in the matter power spectrum at scales that are sub-horizon when the coupling is strong. For the DD and HeD models, the coupling is strong at only early times and therefore the smaller scales are affected. For the CCDM case, the coupling is strong at latter times which impacts scales that enter the horizon around the time of recombination. This is clearly seen in the Figures 2 and 1 .
The CMB anisotropies are sensitive to perturbations close to the epoch of recombination, η η r . The angular scale of the observed anisotropies correspond approximately to the Fourier mode of perturbations k as kη 0 , where η 0 14400 Mpc correspond to the conformal time at the present. As Planck can measure anisotropies for angular scales < 2500, the CMB anisotropies carry information of Fourier modes, k < 0.2 Mpc −1 . The primary source term for the CMB anisotropies is (e.g. [50, 51] ):
At large scales, kη r 1, the source term , S(η r , k) = φ(η r , k)/3 yields the well-known Sachs-Wolfe effect. These scales are not affected by the baryon-dark matter coupling. The source term at smaller scales, kη r > 1, is difficult to compute analytically. Approximate expressions have been used in the literature to capture the essential physics at these scales. We use the analysis presented by Mukhanov [50] to underline the impact of the additional coupling on CMB anisotropies. Following [50] , the source term for kη r > is:
Here η i corresponds to an initial time at which kη i 1. η eq is the conformal time at matterradiation equality and c s R/(3 + 3R) is the sound velocity of the coupled baryon-photon fluid at the recombination era. k 2 D 1/(ητ eγ ) gives the Silk damping scale. b 1 and b 2 are constants whose values depend on k. Eq. (6.3) allows us to assess the impact of baryonphoton coupling on the observed CMB anisotropies. First, as already discussed above, the Silk damping scale k D is not affected by this coupling.
In DD and HeD models, the decoupling occurs at early times and therefore quantities such as c s whose value only close to the recombination era contribute significantly to CMB anisotropies are not affected. The main impact comes from the first term on the RHS of Eq. (6.3) which arises from the time evolution of the gravitational potential φ(η, k). φ(η, k) is constant at superhorizon scales in the radiation-dominated era and is constant at all scales in the matter-dominated era. Neglecting the impact of cold dark matter perturbations, the potential decays as 1/η 2 for scales that enter the horizon during the radiation-dominated era. The perturbations of the cold dark matter grow logarithmically for sub-horizon scales during the radiation-dominated era. And when this effect is taken into account, the potential falls slower than 1/η 2 ; this is the origin of the log term in Eq. (6.3). For DD and HeD models, the cold dark matter perturbation cannot grow when the baryon-dark matter coupling is strong, which diminishes the value of log term in Eq. (6.3). As the values of b 1 and b 2 are strong functions of k (e.g. [30, 50, 51] ), we do not try to estimate it analytically here but only present numerical results for the matter power spectrum (Figures 2 and 1) .
In the CCDM case, the baryon-dark matter coupling becomes stronger at later time and its main impact occurs close to the time of decoupling. CMB data strongly constrains the angle subtended on by the sound horizon at the epoch of recombination, θ = r s /D A , where r s η r R/(3(1 + R)) and D A is the angular diameter distance to the epoch of recombination. Planck data yields θ = 0.59643 ± 0.00026 (in degrees) [53] . In the usual case, R = 4ρ γ /(3ρ b ) and R 1.2 at z 1000. If all the dark matter is in the form of CCDM particles, and these particles are strongly coupled to baryons at recombination, r s η R/(3(1 + R + R )), which is radically different from the usual value as R 6. This is readily ruled out by the CMB data. Therefore, we only consider models for which R 1, or the interacting dark matter must be a small fraction of baryons. In such cases, the term corresponding the potential evolution in Eq. (6.3) is minimally affected and the main impact of CCDM models on CMB anisotropies is owing to the change in c s in the second term on the RHS because of non-zero R . 
